Highlights {#S1}
==========

1.  A recombinant replication-defective human adenovirus simultaneously expressing the RABV G protein and CDV H protein, rAd5-G-H, was generated.

2.  rAd5-G-H, significantly recruiting and activating DCs and persistent B cells, elicited both robust humoral and cell-mediated immune responses against RABV and CDV in mice with 100% survival of a fatal RABV challenge in mice.

3.  rAd5-G-H showed robust humoral immune responses against RABV and CDV in foxes and conferred complete protection against a lethal wild-type CDV strain challenge in foxes.

Introduction {#S2}
============

Both rabies virus (RABV) and canine distemper virus (CDV) cause fatal diseases in carnivores. Rabies poses a great threat to global public health. It is estimated that about 59,000 humans from 150 countries die of rabies each year ([@B42]). The majority (95%) of cases are transmitted from the bites or scratches of infected animals and occur in developing countries in Africa and Asia, especially in rural areas, where animal rabies vaccinations are not paid enough attention ([@B15]; [@B41]). Almost all mammals are susceptible to rabies, and a comparatively small number of carnivores, mainly dogs, foxes, raccoon dogs, raccoons, skunks, and mongooses, serve as wildlife reservoirs ([@B39]). Vaccinations of the primary terrestrial species are the most effective method of controlling rabies. The glycoprotein (G) of a pathogenic RABV strain determines viral neuro-tropism and retrograde trans-synaptic spread and mediates fatal encephalitis ([@B27]). However, the G protein of a non-pathogenic RABV, as a major antigen determinant, plays a critical role in eliciting virus-neutralizing antibodies (VNAs) and developing protective host immune responses ([@B15]; [@B2]). virus-neutralizing antibody levels higher than 0.5 IU/mL are considered to be sufficient to protect susceptible species from rabies infection, since the VNAs are mainly directed against the surface G protein of the RABV ([@B46]). Therefore, the design of a novel rabies vaccine focuses on the RABV G protein ([@B2]).

Canine distemper is a highly contagious disease caused by its agent, CDV, a member of the *Morbillivirus* genus within the family *Paramyxoviridae* ([@B7]; [@B18]). Canine distemper virus infects a broad range of host carnivores worldwide, even non-human primates ([@B10]; [@B21]), causing severe immunosuppression and multi-systemic clinical signs including in the respiratory, gastrointestinal, and central nervous systems ([@B35]; [@B43]). Although CDV vaccines have been routinely administered to dogs for many years, canine distemper remained a major contagious disease in domestic dogs as well as in wildlife animals ([@B26]). The hemagglutinin (H) protein of CDV, a critical antigen determinant, mediates attachment of virions and their entry into host cells by binding to the signaling lymphocyte activation molecule (SLAM) in lymphocytes ([@B33]) or nectin-4 receptor in epithelial cells ([@B23]). Many studies have proved that the H protein plays a pivotal role in eliciting the protective immune response during CDV infection ([@B4]). The H protein contains cytotoxic T lymphocyte epitopes that induce cytotoxic T lymphocytes (CTL) antiviral activity in animals and has become a target for developing novel genetically engineered vaccines ([@B25]).

The inactivated rabies vaccines have been applied in human and dogs for many years; however, they are expensive and need multiple inoculations to elicit effective humoral immune responses ([@B9]). Live attenuated rabies vaccines raise safety concerns about virulence reversion and are no longer available commercially in China ([@B45]). In addition, live-attenuated CDV vaccines might retain residual virulence in highly susceptible species ([@B25]). Therefore, a safe and efficient bivalent vaccine against rabies and canine distemper needs to be generated. The replication-defective adenovirus type 5 (rAd5) vector has been widely used for vaccine research, having the advantages of being safe and efficacious and having a high-capacity to simultaneously express various exogenous genes ([@B32]). Replication-defective adenovirus type 5 has been extensively explored as a vaccine vector for a variety of pathogens, such as HIV ([@B5]), influenza virus ([@B11]), RABV ([@B36]), *Mycobacterium tuberculosis* ([@B28]), dengue virus ([@B16]), and Middle East respiratory syndrome coronavirus ([@B13]). In addition, a rAd5-based human vaccine expressing Ebola G protein was approved for new drug registration by the Chinese Food and Drug Administration (FDA) in 2017 (NCT02326194) ([@B47]). Therefore, in the present study, the recombinant replication-defective virus rAd5-G-H, with co-expression of the RABV G protein and CDV H protein, is generated to serve as a bivalent vaccine against RABV and CDV.

Materials and Methods {#S3}
=====================

Cells, Viruses, Antibodies, and Animals {#S3.SS1}
---------------------------------------

HEK-293, BHK-21, mouse neuroblastoma (NA), and Vero cells were all cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen, China) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, United States). The vaccine RABV (SRV9 strain), standard challenge RABV (CVS-11 strain), and street RABV (HuNPB3 strain) were all propagated in NA cells. The vaccine CDV (CDV-11 strain) was propagated in Vero cells. The rAd5-GFP and rAd5-G-H were propagated in HEK-293 cells. Mouse anti-RABV G monoclonal antibody was purchased from Millipore (MA, United States). Goat anti-CDV polyclonal antibody was purchased from VMRD (Washington, DC, United States). Donkey anti-mouse IgG and donkey anti-goat IgG secondary antibodies (Alexa Fluor^®^ 488) were purchased from Abcam (Cambridge, United Kingdom). Antibodies used for flow cytometry assays, such as PE anti-mouse CD86, FITC anti-mouse MHC I, PE anti-mouse MHC II, PE Cy^TM^7 anti-mouse CD11c, APC anti-mouse CD19, and FITC anti-mouse CD40, were purchased from BD Biosciences (Franklin, TN, United States).

Female BALB/c mice (6--8 weeks old, weighing 17--19 g) were obtained from Pengyue Animal Breeding Center (Jinan, China). Female foxes (8 weeks old) were purchased from Qilu Pharmaceutical Co. Ltd. (Jinan, China). All of the mice and foxes were serologically negative for both RABV and CDV. The animal treatments and sample preparations complied with the Animal Ethics Procedures and Guidelines and were approved by the Institutional Animal Care and Use Committee (IACUC\#2015006).

Vector Construction {#S3.SS2}
-------------------

The E1- and E3-deleted adenovirus serotype 5 (Ad5) was used as the vector for the delivery of target antigens. Replication-incompetent rAd5-G-H with open reading frames (ORFs) of RABV (SRV9 strain) G and CDV (CDV-11 strain) H genes, which were linked by the P2A gene, was constructed as previously described ([@B31]). rAd5-GFP, an adenovirus carrying green fluorescence protein (GFP) gene, served as a vector control. rAd5-G-H and rAd5-GFP were propagated in HEK-293 cells and purified by a round of CsCl gradient ultracentrifugation (Optima L-100 XP). Virus suspension was supplemented with 10% glycerol and stored at −80°C. Virus titers were determined in HEK-293 cells using the GFP-labeled method.

Identification of Gene Expression {#S3.SS3}
---------------------------------

To confirm the expressions of RABV-G and CDV-H, HEK-293 cells were infected with purified rAd5-G-H at an MOI of 1. At 48 h (h) post infection (p.i.), the cells were washed with PBS and then fixed with 80% chilled acetone at −20°C. On the second day, the cells were washed three times with PBS and then incubated for 1 h with mouse anti-RABV G monoclonal antibody (1:300) or CDV polyclonal antibody (1:3000). Secondary antibodies of donkey anti-mouse IgG (1:1000) or donkey anti-goat IgG (1:1000) were used. The positive reaction signals were observed with an inverted fluorescence microscope (Olympus, IX71). The morphology and size of rAd5-G-H and rAd5-GFP were observed using transmission electron microscopy with negative staining.

Mouse Vaccination and Challenge {#S3.SS4}
-------------------------------

Female BALB/c mice (6--8 weeks old) were divided into three groups (*n* = 32 in each group; [Figure 2A](#F2){ref-type="fig"}). Two groups were injected intramuscular (i.m.) with 100 μl of supernatant containing 10^8^ GFU of rAd5-G-H or rAd5-GFP. The third group received 100 μl of DMEM by i.m. injection as a mock control. The mice were observed daily for signs of disease or death and for bodyweight measurement until 3 weeks after vaccination. The blood samples (*n*~1~ = 6 in each group) were randomly collected from the orbital vein at 1, 2, 4, and 8 weeks after immunization for determination of virus neutralization antibodies. The mice (*n*~2~ = 8 in each group) were challenged with 100-fold the 50% i.m. lethal dose (100 MLD~50~) of street RABV (HuNPB3 strain) by i.m. injection 4 weeks after vaccination. Mice were observed 21 days for clinical signs of rabies or death.

Fox Vaccination and Challenge {#S3.SS5}
-----------------------------

Female foxes (8 weeks old) were divided into three groups (*n* = 6 in each group) ([Figure 7A](#F7){ref-type="fig"}). Two groups were injected i.m. with 1 ml of supernatant containing 10^9^ GFU of rAd5-G-H or rAd5-GFP. The third group received 1 ml of DMEM by i.m. injection as mock control. The foxes were observed 3 weeks after vaccination for signs of disease or death. Blood samples were collected separately from the calf vein at 0, 2, 3, and 4 weeks after immunization for serological assessment. Four weeks after immunization, foxes in each group were challenged i.m. with 100-fold the 50% lethal dose (100 LD~50~) of wild-type CDVQL strain and observed 21 days for clinical signs of canine distemper.

Neutralization Assays {#S3.SS6}
---------------------

The rabies VNAs in serum samples from the vaccinated mice and foxes were determined with a fluorescent antibody virus neutralization (FAVN) assay as previously described ([@B34]), and titers of rabies VNAs were expressed as IU/ml. The limited detection value of the FAVN assay was 0.02 IU/ml. Canine distemper VNAs were determined using the method of Appel and Robson ([@B1]); 50 μl of double serial diluted serum samples were pre-incubated with 50 μl of 100 TCID~50~ CDV-11 for 1 h and then added to 100 μl of 10^4^ Vero cells in each well in 96-well plates. The syncytium cytopathic effects (CPEs) were observed after 5 days. The titers of canine distemper VNAs were calculated by the methods of Reed and Muench ([@B24]).

Specific Antibody Isotypes {#S3.SS7}
--------------------------

Endpoint titers of antibodies of different subtypes (IgG1 and IgG2a) directed against purified and inactivated RABV and CDV antigens in serum samples from the rAd5-G-H group were determined with ELISA. Mouse serum samples from the mock group were considered to be free of RABV and CDV-specific IgG antibodies according to neutralization assays. In 96-well plates, the purified SRV9 or CDV-11 virions (10 μg/ml) were coated in PBS at 4°C overnight. After washing 3 times with PBS containing 0.05% Tween-20 (PBST), the plates were blocked with 1% BSA in PBS for 2 h at room temperature. After washing, 10-fold serially diluted sera from mice, starting from 1:10, were added to the plates, and they were incubated overnight at 4°C. Secondary antibodies of horseradish peroxidase (HRP)-labeled goat anti-mouse IgG1 or IgG2a (Southern Biotechnology, United States) were incubated at a dilution of 1:500 for 1 h at room temperature in the plates. After washing, substrate 2, 2′-azinobis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS; Southern Biotechnology, Inc) was added and incubated for 15 min in plates, and the reaction was stopped with 1% SDS. Optical density (OD) at 405 nm was determined with a microplate reader (Mutiskan MK3, Thermo Fisher Scientific). Serum samples from mock mice were used to adjust the cutoff level. Endpoint titers were calculated as the reciprocals of the highest sera dilution that gave an OD at 405 nm 2.1 times higher than the cutoff value.

Flow Cytometry {#S3.SS8}
--------------

Flow cytometry was carried out to quantify the activations of immune cells in inguinal lymph nodes and in the peripheral blood. At 3, 6, and 9 days after vaccination, inguinal lymph nodes of the immunized mice (*n* = 6 in each group) were collected. A single lymphocyte suspension (10^6^ cells/ml) was prepared in 0.2% FBS 1640 (Gibco) and then stained with antibodies against CD19, CD40, CD11c, CD86, MHC I, and MHC II at 4°C for 30 min. At 7 and 14 days after vaccination, blood samples were collected from the immunized mice (*n* = 4 in each group). A single lymphocyte suspension (10^6^ cells/ml) was stained with antibodies against CD19 and CD40. Data were collected using the Beckman Coulter Cytoflex S flow cytometer (United States) and analyzed by CytExpert 2.0 software (Beckman Coulter).

IFN-γ and IL-4 Enzyme-Linked Immunospot (ELISpot) Assays {#S3.SS9}
--------------------------------------------------------

Four weeks after vaccination, in 96-well ELISpot plates, lymphocytes from the spleen were isolated from the immunized mice (*n* = 4) and seeded in plates with 3 × 10^5^ cells per well. The lymphocytes were stimulated with the purified inactivated RABV and CDV at a concentration of 10 μg/ml. Secreted IFN-γ or IL-4 was quantitated using ELISpot assays (Dakewe Biotech Co., China) according to the manufacturer's instructions. Spot-forming cells (SFCs) were counted with an ELISpot reader (AID ELISpot reader-iSpot, AID GmbH, GER).

Statistical Analysis {#S3.SS10}
--------------------

Data are expressed as the mean ± standard deviation (SD). Statistical analyses were tested via Student's *t*-test in SPSS 22.0 software (SPSS Inc., Chicago, IL, United States). Statistical significance was considered at ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01, and ^∗∗∗^*P* \< 0.001.

Results {#S4}
=======

Construction and Characterization of rAd5-G-H {#S4.SS1}
---------------------------------------------

rAd5-G-H, a recombinant replication-incompetent adenovirus serotype 5 carrying the SRV9 G and CDV-11 H genes, was generated ([Figure 1A](#F1){ref-type="fig"}). rAd5-GFP was an adenovirus carrying the GFP gene as a vector control. The inserted nucleotide components were confirmed by PCR and sequencing (data not shown). The expressions of the RABV G and CDV H genes in HEK-293 cells infected with rAd5-G-H, rAd5-GFP, or DMEM were detected by indirect immunofluorescence. Positive reaction signals against anti-RABV G monoclonal antibody and anti-CDV polyclonal serum were observed in rAd5-G-H-infected HEK-293 cells, while negative red signals were seen in HEK-293 cells infected with rAd5-GFP ([Figure 1B](#F1){ref-type="fig"}).

![Generation and characterization of recombinant virus rAd5-G-H and rAd5-GFP. **(A)** Schematic representations of the rAd5-GFP and rAd5-G-H plasmids. **(B)** Immunofluorescence assay (IFA) analysis of RABV G protein and CDV H protein expression in HEK-293 cells infected with DMEM, rAd5-GFP, or rAd5-G-H (200× magnification). Monolayer HEK-293 cells were infected with purified rAd5-G-H or rAd5-GFP at an MOI of 1. Expressions of the G and H genes were examined 48 h p.i. with mouse anti-RABV G monoclonal antibody and goat anti-CDV polyclonal antibody, respectively. The secondary antibodies were an Alexa Fluor-488-conjugated donkey anti-rabbit IgG and donkey anti-goat IgG accordingly. **(C)** Morphologies of recombinant viruses rAd5-G-H and rAd5-GFP under transmission electron microscopy (30,000× magnification).](fmicb-11-01070-g001){#F1}

The morphology of rAd5-G-H and rAd5-GFP under an electron microscope was fairly homogeneous and was icosahedral with an average diameter of 70 nm ([Figure 1C](#F1){ref-type="fig"}). The surfaces of both recombinant virions appeared to be smooth. Therefore, both the RABV G and CDV H genes were co-expressed in rAd5-G-H-infected HEK-293 cells, and rAd5-G-H showed similar morphology, size, and surface appearance to the rAd5-GFP vector.

Immunization With rAd5-G-H Protected Mice From Lethal Rabies Challenge {#S4.SS2}
----------------------------------------------------------------------

Groups of mice were vaccinated i.m. with rAd5-G-H, rAd5-GFP, or DMEM. None of the mice showed abnormal behavior or neurological signs, and there were no significant changes in body weight among the three groups ([Figure 2B](#F2){ref-type="fig"}). The rabies VNAs were detected only in serum samples from mice inoculated with rAd5-G-H, and the mean titers of rabies VNAs were 0.05, 2.12, 8.05, and 21.42 IU/ml at 1, 2, 4, and 8 weeks after immunity, respectively ([Figure 2D](#F2){ref-type="fig"}). A VNA titer ≥0.5 IU/ml indicated adequate response to defend against a lethal RABV infection ([@B46]). The mice vaccinated with rAd5-G-H demonstrated gradually increasing levels of VNAs against CDV from 1 to 8 weeks, and the average titers of VNAs were 1:5, 1:10, 1:59, and 1:473, respectively ([Figure 2E](#F2){ref-type="fig"}). There were no detectable antibodies against either RABV or CDV in serum samples from mice inoculated with rAd5-GFP or DMEM ([Figures 2D,E](#F2){ref-type="fig"}).

![A single dose of rAd5-G-H elicited complete protection from lethal dose challenge with the RABV HuNPB3 strain in BALB/c mice. **(A)** Mouse study design. Female BALB/c mice (*n* = 32), 6--8 weeks old, were immunized i.m. with 10^8^ GFU rAd5-G-H or rAd5-GFP. Mice injected with DMEM served as mock controls. Some of the mice (*n*~1~ = 8) were challenged i.m. with 100 MLD~50~ street RABV HNPB3 strain 4 weeks after immunization. **(B)** Safety assessments. Mice were observed for 14 days for clinical signs and daily weights after immunization. **(C)** Survival curves after HNPB3 challenge in vaccinated mice. **(D,E)** At 1, 2, 4, and 8 weeks after immunization, blood samples (*n*~2~ = 6) were collected to detect specific virus-neutralizing antibodies to RABV **(D)** and CDV **(E)**. Statistical analyses were tested by Student's t-test in SPSS 22.0 software. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](fmicb-11-01070-g002){#F2}

To evaluate the protection rates of rAd5-G-H against lethal RABV challenge, the mice were challenged with 100 MLD~50~ wild-type RABV HNPB~3~ strain 4 weeks after immunity. As shown in [Figure 2C](#F2){ref-type="fig"}, all the mice vaccinated with rAd5-GFP and DMEM died within 21 days, as expected; however, those immunized with rAd5-G-H all survived without any clinical signs of rabies. Exclusively, RABV N genes were further confirmed by RT-PCR and sequencing in the brains of all the mice who died ([Supplementary Figure S1](#SM1){ref-type="supplementary-material"}). Thus, the rAd5-G-H elicited robust and persistent humoral immunity against both RABV and CDV in mice and provided 100% protection against lethal RABV infections.

Specific Antibody Isotypes {#S4.SS3}
--------------------------

Specific IgG2a and IgG1 antibodies, the markers of Th1 and Th2 responses, respectively ([@B22]), in serum samples of the rAd5-G-H-vaccinated mice against RABV or CDV were examined by ELISA assays. Titers of IgG1 and IgG2a against RABV showed robust elevations after 4 weeks and reached higher levels of 1:82,000 and 1:64,000 at 8 weeks, respectively ([Figure 3A](#F3){ref-type="fig"}). Against CDV, a rapid and higher level of IgG1 was elicited than that of IgG2a 2 weeks after immunity; however, the titers of both isotypes were maintained at approximately 1:8200 and 1:6512 at 8 weeks, respectively ([Figure 3B](#F3){ref-type="fig"}). Notably, the antibody responses of IgG1 and IgG2a against RABV were much higher than those against CDV at the same time points. The ratio of IgG1/IgG2a against both RABV and CDV almost equaled 1, which suggested that rAd5-G-H induced both Th1 and Th2 immune responses in mice.

![Virus-specific IgG1 and IgG2a subtype responses. Endpoint titers of IgG1 and IgG2a subtypes in serum samples of the rAd5-G-H group were detected with purified inactivated RABV and CDV by ELISA. Endpoint titers were calculated as the reciprocals of the highest serum dilution that gave an OD at 405 nm 2.1 times higher than the cutoff value. **(A)** RABV-specific and **(B)** CDV-specific IgG1 and IgG2a subtype responses.](fmicb-11-01070-g003){#F3}

Recruitment and/or Activation of Dendritic Cells and B Cells by rAd5-G-H {#S4.SS4}
------------------------------------------------------------------------

To investigate whether rAd5-G-H recruited dendritic cells (DCs) and activated B cells *in vivo*, the percentages of DCs (CD11c^+^ CD86^+^, CD11c^+^ MHC I^+^, CD11c^+^ MHC II^+^) and B cells (CD19^+^ CD40^+^) from the inguinal lymph nodes of mice (*n* = 6) were analyzed by flow cytometry at 3, 6, and 9 days post immunization (dpi), and the percentages of B cells (CD19^+^ CD40^+^) in the peripheral blood of mice (*n* = 4) were analyzed at 7 and 14 dpi. The gating strategies for analyzing the DCs and representative flow cytometric plots for measuring recruited and/or activated DCs are shown in [Figures 4A,B](#F4){ref-type="fig"}, respectively. As shown in [Figure 4C](#F4){ref-type="fig"}, in comparison with the rAd5-GFP and DMEM groups, more DCs (CD11c^+^ CD86^+^, CD11c^+^ MHC I^+^, CD11c^+^ MHC II^+^) were significantly recruited in the inguinal lymph nodes of the mice immunized with rAd5-G-H at corresponding time points (3, 6, and 9 dpi). [Figure 5](#F5){ref-type="fig"} shows the gating strategies for analyzing the B cells ([Figures 5A,D](#F5){ref-type="fig"}) and representative flow cytometric plots for measuring recruited and/or activated B cells ([Figures 5B,E](#F5){ref-type="fig"}). As shown in [Figure 5C](#F5){ref-type="fig"}, significantly more B cells (CD19^+^ CD40^+^) were detected in LNs from mice immunized with rAd5-G-H than in those from mice immunized with rAd5-GFP and DMEM at 3, 6, and 9 dpi. As shown in [Figure 5F](#F5){ref-type="fig"}, significantly more B cells (CD19^+^ CD40^+^) were detected in the peripheral blood of mice immunized with rAd5-G-H compared to those in mice immunized with rAd5-GFP and DMEM at 7 and 14 dpi. Thus, rAd5-G-H recruited and/or activated more DCs to stimulate MHC I and MHC II expression and induced persistent B-cell activation to develop robust and lasting immune responses.

![Recruitment and/or activation of DCs in mice vaccinated with rAd5-G-H. BALB/c mice (*n* = 6) were immunized i.m. with 10^8^ GFU rAd5-G-H, rAd5-GFP or DMEM. The inguinal lymph nodes (LNs) were collected at 3, 6, and 9 days after vaccination. Single-cell suspensions were prepared and stained with antibodies of DC and then analyzed by flow cytometry. **(A,B)** The gating strategies for analyzing the DCs **(A)** and representative flow cytometric plots for measuring recruited and/or activated DCs **(B)** are shown. **(C)** Analyses for activated DCs (CD11c^+^ CD86^+^, CD11c^+^ MHCI^+^, CD11c^+^ MHCII^+^) from the LNs at 3, 6, and 9 days after vaccination are presented. Statistical analyses were tested by Student's *t*-test in SPSS 22.0 software. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](fmicb-11-01070-g004){#F4}

![Recruitments and/or activations of B cells from LNs and peripheral blood in mice vaccinated with rAd5-G-H. BALB/c mice (*n* = 10 in each group) were immunized i.m. with 10^8^ GFU rAd5-G-H, rAd5-GFP, or DMEM. Single-cell suspensions of LNs (*n* = 6) were collected and prepared at 3, 6, and 9 dpi, and those from peripheral blood (*n* = 4) were collected at 7 and 14 dpi. The cells were stained with antibodies to CD19 and CD40 and then analyzed by flow cytometry. **(A,D)** The gating strategies for analyzing the B cells and **(B,E)** representative flow cytometric plots for measuring recruited and/or activated B cells (CD19^+^ CD40^+^) are shown. Analyses of activated B cells from the LNs **(C)** at 3, 6, and 9 dpi and from the peripheral blood **(F)** at 7 and 14 dpi are presented. Statistical analyses were tested by Student's *t*-test in SPSS 22.0 software. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](fmicb-11-01070-g005){#F5}

Specific T Cell-Mediated Immune (CMI) Responses in Mice {#S4.SS5}
-------------------------------------------------------

The IFN-γ and IL-4 ELISpot assays showed that rAd5-G-H induced significantly higher levels of RABV-specific IFN-γ and IL-4 SFCs ([Figures 6A,B](#F6){ref-type="fig"}) and CDV-specific IFN-γ and IL-4 SFCs ([Figures 6C,D](#F6){ref-type="fig"}) 4 weeks after immunity in mice in comparison with the rAd5-GFP and mock groups. Notably, there were more IFN-γ-specific SFCs than IL-4-specific SFCs against both RABV and CDV. These findings indicated that rAd5-G-H elicited Th1 preferred immune responses in mice, which contributed to the 100% protection against both RABV and CDV infections.

![RABV- and CDV-specific T cell-mediated immune (CMI) responses in mice. BALB/c mice (*n* = 4) vaccinated i.m. with rAd5-G-H, rAd5-GFP, or DMEM were sacrificed 4 weeks after vaccination. Splenocytes were stimulated with the purified inactivated RABV and CDV. The levels of secreted IFN-γ and IL-4 were detected using ELISpot analysis. **(A)** RABV-specific IFN-γ SFCs. **(B)** RABV-specific IL-4 SFCs. **(C)** CDV-specific IFN-γ SFCs. **(D)** CDV-specific IL-4 SFCs. Representative images for IFN-γ or IL-4 in each group are shown below the graphs. Statistical analyses were tested by Student's *t*-test in SPSS 22.0 software. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](fmicb-11-01070-g006){#F6}

Immunization With rAd5-G-H Protected Foxes From Lethal CDV Challenge {#S4.SS6}
--------------------------------------------------------------------

To evaluate the immune effects of rAd5-G-H in carnivores, the foxes were vaccinated with rAd5-G-H and challenged with wild-type CDVQL strain. As shown in [Figure 7B](#F7){ref-type="fig"}, the mean titers of canine distemper VNAs in rAd5-G-H-immunized mice were 1:16 at 2 weeks and were maintained at approximately 1:60 after 3 weeks. Meanwhile, rabies VNAs were considerably induced, with titers up to 11.26 IU/ml at 4 weeks in rAd5-G-H-immunized foxes ([Figure 7C](#F7){ref-type="fig"}). Neither CDV- nor RABV-neutralizing antibodies were detected in foxes inoculated with rAd5-GFP and DMEM.

![A single dose of rAd5-G-H elicited complete protection against challenge with a lethal dose of CDVQL strain in foxes. **(A)** Fox study design. Eight-week-old female foxes (*n* = 6) were immunized i.m. with 10^9^ GFU rAd5-G-H or rAd5-GFP. Foxes injected with DMEM served as mock controls. Foxes were challenged i.m. with 100 LD~50~ of wild-type CDVQL strain 4 weeks after immunization. **(B,C)** At 0, 2, 3, and 4 weeks after immunization, blood samples were collected to detect VNAs against RABV **(B)** and CDV **(C)**. **(D)** Survival curves of foxes challenged with CDVQL. Statistical analyses were tested by Student's *t*-test in SPSS 22.0 software. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](fmicb-11-01070-g007){#F7}

Three groups of foxes were challenged with 100 LD~50~ of the pathogenic CDV QL strain 4 weeks after vaccination. As shown in [Figure 7D](#F7){ref-type="fig"}, all foxes (6 of 6) immunized with rAd5-G-H survived, while the foxes inoculated with rAd5-GFP (6 of 6) and DMEM (6 of 6) succumbed to the fatal CDV infection. Exclusively, CDV N genes in the lungs of all foxes who died were positive according to RT-PCR ([Supplementary Figure S2](#SM1){ref-type="supplementary-material"}). These results demonstrated that rAd5-G-H was immunogenic in foxes and protected them from lethal CDV challenge.

Discussion {#S5}
==========

Rabies vaccines have been inactivated to make them completely safe ([@B6]). However, many studies have shown that 30% of dogs failed to reach a VNA titer of 0.5 IU/ml with one dose of commercial inactivated rabies vaccine ([@B45]). Modified live vaccines (MLVs) and canarypox-vectored recombinant vaccines against CDV have been applied commercially to protect carnivores for many years ([@B12]). However, MLVs might cause severe diseases and death in highly susceptible species ([@B3]). There have been many cases of canine distemper outbreaks in vaccinated animals ([@B14]; [@B8]). The immunity failure was mainly caused by inadequate immune responses to CDV MLVs in the presence of maternal antibodies in puppies ([@B29]).

It was necessary to develop a bivalent vaccine against rabies and canine distemper. A recombinant CDV rCDV-RABVG, expressing glycoprotein of the LEP-Flury strain, induced specific VNAs against RABV G and CDV in vaccinated mice ([@B19]); however, there was no protective evaluation in susceptible animals. Another rCDV-RABVG generated by reverse genetics induced VNAs to RABV and CDV in dogs ([@B38]). However, it required multiple immunizations to achieve high levels of antibody responses. A recombinant RABV rLBNSE-CDVH, expressing CDV H protein, protected dogs from a lethal wild-type CDV challenge ([@B37]). These bivalent vaccines were all live-attenuated vaccines with risks in highly susceptibility species. Based on an avirulent RABV vector, BNSP-333, the inactivated recombinant RABVs expressing CDV H or CDV F protected against lethal CDV challenge with mixed immunity in ferrets immunized twice ([@B6]).

Adenoviruses serve as vectors of gene delivery and expression, and human adenovirus serotype 5 is one of the most widely used recombinant vectors, with several advantages ([@B32]; [@B40]). Deletion of E1 resulted in a replication-deficient recombinant adenovirus unless in E1 complementary cells, which increased its safety ([@B40]). The rAd5 vector is easy to purify and has a high growth titer in HEK 293 cells under good manufacturing practice (GMP) conditions, which reduces the costs of vaccines ([@B20]). Importantly, adenoviruses had species-specificity and different serotypes, and our bivalent vaccine targeted dogs and other carnivores, which had low pre-existing neutralizing antibodies to AdHu5 ([@B32]).

In the present study, based on an E1- and E3-deficient rAd5 vector, rAd5-G-H co-expressing the RABV G and CDV H genes was generated as a potential bivalent vaccine against RABV and CDV. The porcine teschovirus-1 2A (P2A) sequence connected and mediated "cleavage" between the RABV G and CDV H genes for simultaneous expression. Compared with the internal ribosome entry site (IRES), P2A is smaller in size and has greater cleavage efficiency. Researchers have proven that rAd5 vectors induce faster and higher levels of protective neutralizing antibodies against the transgene product than DNA vaccines after a single dose ([@B30]; [@B32]). However, in the current study, the titers of rabies VNAs were 2.12, 8.05, and 21.42 IU/ml at 2, 4, and 8 weeks, respectively, after a single-dose immunization of rAd5-G-H in mice, which significantly exceeded the minimum protection level of the WHO (0.5 IU/ml) ([@B41]). In foxes, titers of rabies VNAs reached 11.26 IU/ml at 8 weeks with single-dose immunity, which is strong evidence of effective immune protection. Titers of canine distemper VNAs reached 1:453 at 8 weeks in mice and 1:38 at 4 weeks in foxes after vaccination with rAd5-G-H, which indicated strong humoral immune responses against CDV.

Numerous studies have evidenced that replication-incompetent adenovirus vectors elicited both antibody and T-cell immune responses ([@B11]; [@B17]; [@B28]). An E1- and E3-deleted Ad5-based influenza A virus vaccine induced both HA-specific antibodies and cellular immunity in BALB/c mice ([@B11]). A replication-defective virus, rAd5-EbolaG, induced durable neutralizing antibodies and CMI responses in non-human primates ([@B17]). A human Ad5-based tuberculosis vaccine induced robust T-cell responses in humans ([@B28]). In this study, the percentages of CD11c^+^ CD86^+^, CD11c^+^ MHCI^+^, CD11c^+^ MHCII^+^, and CD19^+^ CD40^+^ from LNs and peripheral blood were notably increased in mice vaccinated with rAd5-G-H as time went on compared with those in the rAd5-GFP and mock mouse groups. rAd5-G-H recruited more DCs and/or activated more persistent B cells, the major antigen-presenting cells, which played critical roles in enhancing humoral immune responses. The isotypes of IgG1 and IgG2a maintained high levels against RABV and CDV in rAd5-G-H-immunized mice. The ratio of IgG1/IgG2a almost equaled 1, suggesting that the rAd5-G-H induced both Th1 and Th2 immune responses in mice. IFN-γ is a Th1-type cytokine involved in the antiviral action of cellular immune responses, while IL-4 is mainly produced by Th2 cells and has been associated with humoral immune responses ([@B44]). Notably, the rAd5-G-H induced more IFNγ^+^ SFCs than IL-4^+^ SFCs 4 weeks after immunity in mice, indicating a Th1 preferred cellular-mediated immune response, which contributed to a 100% protection against RABV challenge in mice and CDV challenge in foxes. These results indicated that rAd5-G-H was beneficial to the antigen presentation of RABV G and CDV H protein and elicited antiviral humoral and cellular immune responses.

In conclusion, a recombinant replication-defective virus, rAd5-G-H, co-expressing the RABV G and the CDV H proteins, was generated. A single dose of rAd5-G-H induced robust and rapid humoral and cell-mediated immunities against RABV and CDV, with 100% protection against a lethal RABV challenge in mice. In addition, a single dose of rAd5-G-H elicited high levels of VNAs against CDV and protected foxes from fatal CDV challenge. rAd5-G-H has great potential as a bivalent vaccine for protection against RABV and CDV in carnivores.
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